The distribution, mobility, bioavailability, toxicity, bioaccumulation and biodegradability of chemical elements depend not only on their concentrations, but also on their physico-chemical associations with natural systems. [1] [2] [3] [4] Several trace metals occur in natural water distributed between different oxidation states. At equilibrium, the species present are controlled not only by the pH, but also by the redox potential of the system that describes the progress of electron-transfer reactions. 5 The dissolved forms of trace elements are mainly present as free hydrated ions, ion pairs (where the coordinated water is retained), and inorganic and organic complexes with a covalent bound. For example, dissolved trace metals can also form complexes with a wide range of organic and inorganic compounds, depending on the pH, oxidation state, and relative abundance of the complexing agents. The main inorganic compounds are chloride, carbonate, sulfate, hydroxyl, and fluoride; the complexes formed between them and trace metals are almost always very labile. Organic ligands include both biochemical species of low molecular weight (<10 3 ), such as siderophores, carboxylic acids, aminoacids, sugars, small hydroxyacids, 6 etc., and heterogeneous compounds of unknown structure 7-9 with a wide range of relative molecular masses (10 3 -10 7 ). At any rate, there is great certitude that stronger ligands, which are able to complex metal ions, but are not yet completely identified, are present in seawater, most often at very low concentrations. These various forms of organic matters in aquatic systems come largely from living organisms, mainly as polypeptides and polysaccharides in algae exudates, 10 and from pollution sources. Estimating the ligand organic concentration in natural water has until now been a difficult problem. Generally, though the water of open-ocean contains only small amounts of organic matter.
Introduction
The distribution, mobility, bioavailability, toxicity, bioaccumulation and biodegradability of chemical elements depend not only on their concentrations, but also on their physico-chemical associations with natural systems. [1] [2] [3] [4] Several trace metals occur in natural water distributed between different oxidation states. At equilibrium, the species present are controlled not only by the pH, but also by the redox potential of the system that describes the progress of electron-transfer reactions. 5 The dissolved forms of trace elements are mainly present as free hydrated ions, ion pairs (where the coordinated water is retained), and inorganic and organic complexes with a covalent bound. For example, dissolved trace metals can also form complexes with a wide range of organic and inorganic compounds, depending on the pH, oxidation state, and relative abundance of the complexing agents. The main inorganic compounds are chloride, carbonate, sulfate, hydroxyl, and fluoride; the complexes formed between them and trace metals are almost always very labile. Organic ligands include both biochemical species of low molecular weight (<10 3 ), such as siderophores, carboxylic acids, aminoacids, sugars, small hydroxyacids, 6 etc., and heterogeneous compounds of unknown structure [7] [8] [9] with a wide range of relative molecular masses (10 3 -10 7 ). At any rate, there is great certitude that stronger ligands, which are able to complex metal ions, but are not yet completely identified, are present in seawater, most often at very low concentrations. These various forms of organic matters in aquatic systems come largely from living organisms, mainly as polypeptides and polysaccharides in algae exudates, 10 and from pollution sources. Estimating the ligand organic concentration in natural water has until now been a difficult problem. Generally, though the water of open-ocean contains only small amounts of organic matter.
The maximum concentration of total organic carbon observed in surface waters is less than 200 µmol/L. 11 Especially prominent among organic matter compounds in aqueous systems are humic substances. These compounds, which result from living matter decay, are a mixture of organic polymers containing charged hydrophobic and hydrophilic groups that possess polyelectrolyte and multifunctional proprieties. In solution, these compounds can occur either in free form, often negatively charged, or bound to others, such as glycine, aspartic acid and alanine. The principle functional groups in humic matter are -COOH, -NH2, -OH and -SH, [12] [13] [14] which are responsible of the chelating of most metallic cations. Good examples to illustrate complexation between organic matter and metal ions are copper 15, 16 and iron. 17 However, in the aquatic environment, elements occur in particulate, colloidal and dissolved forms. These forms are usually distinguished by filtration or centrifugation. Traditionally, a 0.45 µm (membrane) filter can separate particulates from dissolved forms. This may result in the passage of some colloidal fractions through the filter, and classifying colloidal matter within the dissolved fraction. These colloidal fractions include particles with hydrophobic, hydrophilic and intermediate forms with sizes of between ∼1 nm and 0.2 -1 µm. 18 Both organic (including macromolecules) and inorganic (hydrolyzed silica and metal oxides) colloids occur in the marine environment. Their surfaces often contain suitable sites for interactions with trace metals (adsorption, complexation), and play an important role in the biogeochemical cycling of both carbon and metals. [19] [20] [21] [22] [23] A recent study has shown that the colloidal material isolated from seawater is mostly organic in nature. For example, a considerable fraction of traditionally defined dissolved organic carbon was observed to be present in a colloidal form at between 1 nm and 0.45 µm. [24] [25] [26] This fraction may be of great importance to the chemical speciation and distribution of trace metals in the marine environment. 27, 28 Indeed, many workers have demonstrated that a significant, but variable fraction of dissolved trace metals in seawater is associated with colloidal organic matter. 29, 30 The interest of the studying trace-metal complexation by organic matter is that they can control the availability of metals by regulating their dissolved free-ion concentration, and thus decrease or increase the adsorption of trace-metals onto particles affecting metal fate and transport. Coastal seawater is more dynamic than the open-ocean environment, being subject to varying influences of atmospheric inputs, originating from the continent and phytoplankton productivity. Investigations of the trace-metal distributions in coastal waters can therefore lead to a greater understanding of the influences of such bio-geochemical processes on trace-metal speciation, such as zinc and copper. 31 The aims of this study were therefore to investigate the variable distribution of some trace metals (Cd, Ni, Fe, Mn, Zn, Cu, V, Pb) between the two most important fractions (organic and inorganic fraction) in coastal seawater. For this purpose, the simultaneous separation and preconcentration of trace-metals using ion-exchange resins, or chelation by an extraction column, seem to be powerful methods for achieving these processes for the preconcentration of trace-metals and the elimination of the matrix effect from seawater. In spite of this propriety, they can be used in metal speciation studies for discrimination between the organic and inorganic fractions of trace-metals in seawater. We thus used two specific columns with different proprieties. The first one was C18-bonded silica gel: numerous studies described this column; Mills and Quinn 32, 33 used it for isolating copper-organic complexes from seawater, and also for determinating copperamino acid complexes in seawater, 34 and differentiation between anionic metal EDTA complexes and organic complexes. 35 In general, however, this column will generally be able to preconcentrate metals complexed by humic substances, amino acids, aromatic ligands and even small organic ligands forming moderately polar complexes or non-polar hydrophobic complexes. [32] [33] [34] [35] The second column is the chelamine (a commercial product: pentamine (1,4,7,10,13-pentaazatridecane or tetren) ligand immobilized on an organic polymer; this resin was described by Blain et al., 36 and Vasconcelos and Gomes. 37 They observed a high affinity to Cd, Cu, Mn, Ni, Pb, and Zn at seawater pH and a poor affinity for the major seawater cations (Na, Ca, Mg). They also demonstrated that chelamine is capable of retaining the metallic ions present as free, hydrated, or complexed by inorganic ligands, which are labile and weakly stable from the seawater matrix. Thus, according to the proprieties of these columns, the aim of this study was to determine the distribution of some trace metals between the organic and inorganic fraction in saline water collected from the northern French coastal surface water. Therefore, a combination of C18 reversed-phase and chelamine-chelating resin was made. Some samples of coastal seawater with various spiked quantities of some trace metals were percolated at controlled flow rate through this assemblage in order to study their distribution between these two different resins.
Experimental

Instrumentation
Trace-metal (Cu, Zn, Ni, Fe, V, and Mn) determinations were performed with a Varian (Liberty II axial view) inductively coupled plasma atomic emission spectrometer (ICP-AES). Cd and Pb were determined by graphite-furnace atomic absorption spectrometry (GF-AAS) Varian, because of their lower levels.
The ICP-AES was equipped with a pneumatic V-Groove nebulizer, an inert PTFE spray chamber Sturmun-Master. The optimal instrumental conditions were: plasma power, 1.0 kW; photomultiplicator tension, 650 V; integration time, 5 s; background correction in the dynamic mode; nebulizer pressure, 300 kPa; argon auxiliary flow 1.5 L/min; argon plasma flow, 15 L/min and peristaltic pump rate, 15 rpm. For Cd and Pb, electro-thermal programs were performed using a chemical modifier Pd(NO3)2 in the determination by GF-AAS. All different sample solutions were driven through packed columns of the two used resins with a multi-channel Gilson peristaltic pump equipped with tubes (2.28 mm internal diameters). Teflon tubes, cleaned polyethylene bottles and pH meter (WTW) with a glass electrode were used.
Reagents
All reagents were obtained as analytical grade and were used as received unless otherwise specified. Ultrapure deionized water (18.2 MΩ) was generated by a Milli-Q water system (Millipore). Nitric acid (2 M), hydrochloric acid (2 M), ammonium acetate, ammoniac and methanol solutions were obtained from high-purity products (Merck). Chelamine resin and silica-bonded C18 columns (500 mg or 1000 mg) of highpurity were obtained from Fulka.
A solution of 8-hydroxyquinoline was prepared in hydrochloric acid and Milli-Q water for the determination of total dissolved metal in the studied samples. Standard solutions of Cd, Cu, Fe, Ni, Zn, Mn, Pb, V, Mg, Ca, Na, and K were prepared by dilution from 1000 mg/l stock solutions (Merck).
Sample preparation was conducted in a Class-100 clean fume hood, although the analysis was performed in a regular laboratory environment.
Sampling of seawater
Seawater samples used for developing of the analytical procedure were collected from northern French coastal surface water using a Teflon pumping system (Teflon tube connected to a pneumatic suction pump internally coated with polytetrafluoroethylene (PTFE) (ASTI, France). Sample bottles in high-density polyethylene, a Nuclepore filter polycarbonate membrane; filtration equipment and other plastics ware were rigorously cleaned with nitric acid and washed with Milli-Q water. Water samples were filtered on a 0.45 µm Nuclepore filter polycarbonate membrane. All of the experimental procedures were carried out in a Class-100 laminar flow hood with the best precaution conditions. Some of the samples were acidified at pH <2 for the total concentration determination of trace metals, and others were stored under regular conditions for a speciation study.
Preparation of used C18 columns
The column must be conditioned before use in order to recover any neutral metal complexes. Before every use, aqueous solutions were passed through the column. The C18 sorbent (1.0 g) was firstly activated with 10 ml of CH3OH, rinsed with 10 ml of high-purity Milli-Q water, cleaned with 10 ml of nitric acid (2 M), rinsed with 20 ml of Milli-Q water and finally conditioned with 10 ml of 10 -2 M ammonium acetate at pH ∼7.
Preparation of a chelamine chelating resin
The resin was made of polyacrylamide gel with tetraethylene pentamine chelating groups. The physical properties of this product were measured (particle mean diameter, porosity, density). A thermodynamic study showed that the equilibrium was well represented by a Langmuir isotherm. 36, 37 Various experiments stressed the influence of the resin conditioning on 530 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 its equilibrium capacity: a resin regenerated under very alkaline conditions had a greater capacity than if the regenerating agent was slightly basic or neutral. This resin was prepared according to the following procedure: After weighted portions of chelamine (0.5 g each one) were packed into separated Teflon columns, the columns were successively rinsed with 25 ml of an acid mixture [HNO3 (2 M), HCl (0.5 M)] to remove trace metals contaminants, and washed with 50 ml of Milli-Q water to remove any trace of the acid. The columns were then regenerated by 10 ml of NH3 (2 M) solution, and finally they were washed with 25 ml of Milli-Q water to remove any excess ammonia. The flow-rate was 1 ml/min. This resin is more efficient if it is conditioned under basic condition, because its active site would be occupied by NH4 + cations, which are easy to be displaced by the metal ions present in the solution running through it.
Procedure
Combination between a C18 column and chelamine chelating resins for a speciation study
This work proposes the combination of a C18 reversed phase column and a chelamine chelating resin. Each column was prepared before use according to its precise operation conditions. The solutions of coastal seawater were prepared as follows:
Ten liters of collected and filtered (0.45 µm) surface seawater at natural pH ∼7.7 was divided into equal parts (500 ml every one); different and separated spiked solutions by Cd, Cu, Fe, Ni, Zn, Mn, Pb, and V were prepared, and the spike quantity was added at each solution without any modification of the pH value of the used seawater. This necessary condition was achieved using a metal-ion standard solution prepared in Milli-Q water. Because the added quantity had be very small, the pH was kept at its natural value in this case. The separated spiked solutions of 0.5, 2.0, 5.0 µg/L and the same seawater not spiked were percolated through the C18 and chelamine column set up with a flow rate of 0.3 ml/min. After percolation, the two columns were separated and each was washed by 10 ml of ammonium acetate (10 -2 M, pH ∼7) in order to remove any excess matrix salts. The elution of metals fixed on every resin was achieved by using 10 ml of nitric acid (2 M); thus, the preconcentration factor was about ∼50. The eluted acid solution was analyzed by ICP-AES and GF-AAS.
The concentrations of metals complexed by the assemblage of the C18 and chelamine are shown in Fig. 1 .
Chelamine chelating resin capacity
Another series of spiked solutions of surface seawater at natural pH was passed only through new-conditioned columns of chelamine chelating resin, and the same procedures of washing and recovery of metal ions from this resin were performed, and then analyzed by ICP-AES and GF-AAS. The aim of this procedure was to verify whether the chelamine resin is capable of retaining metals from natural seawater without the dissociation of metals complexed by organic matters, which are traditionally dissociated using acidification or UV-irradiation treatments. The results are shown in Fig. 2 .
Determination of total dissolved metal ions in collected seawater
It is well-known that 8-hydroxyquinoline (8-HQ) reacts with over 60 metal ions in homogeneous solution to form complexes of varying stability. We thus studied the complexation capacity of this compound in seawater, and evidenced that 8-hydroxyquinoline, when it was added to seawater at pH ∼8 and the resulting solution was passed through C18 at a flow rate of 4 ml/min, gave a complete retention by the C18 columns of the metal-8-hydroxyquinoline complexes. This method was applied to determine the total metal concentration in certified water samples NRCC. The results were satisfactory acceptable and published in our recent paper, Abbasse et al. 38 In this work the procedural blank and the method were validated using various standard international materials. Thus, for the determination of total dissolved metal ions in seawater we applied the procedure described below.
Some aliquots of coastal seawater were filtered and acidified at pH <2, stored for one day, and then were adjusted at pH ∼8 using a small quantity of high-purity NH3. All metal ions were transformed into an inert organic form by adding a small quantity of 8-hydroxyquinoline solution to a final concentration of 5 × 10 -5 M. The pH value was readjusted at ∼8 and the solution was passed through a conditioned C18 column (flow rate of ∼4 ml/min). The same procedure was used for washing by ammonium acetate (10 -2 M), and finally the stripping of metal ions by 10 ml of nitric acid (2 M). Because the volume of seawater passed was ∼500 ml and that of nitric acid was ∼10 ml, the preconcentration factor was ∼50. The obtained results are reported in Table 1 . It is clear that washing of the columns with ammonium acetate before nitric acid elution makes it possible to eliminate the maximum of the saline matrix fixed on the used resins; an analysis of the major elements (Ca, Mg, Na, K) gave very low concentrations of these cations, which allow the trace element analysis with ICP-AES and GF-AAS without any notable interference.
Results and Discussion
In order to understand and model the behavior and effects of trace metals in coastal seawater, it is essential to quantify their speciation and to characterize the major processes influencing their chemical forms. Many data indicate that most trace metals exist predominately as organic complexes or chelates in coastal water. In fact, in this study we tried to emphasize this tendency of some trace metals. Because spiked free metallic ions onto seawater will displace the natural thermodynamic equilibrium of its species, if there is any access of free chelating groups (organic or inorganic) in this medium, the added metal ions are complexed by these ligands in order to form a new equilibrium. According to the properties of the two used columns in this study (C18 and chelamine), the C18 columns will retain the hydrophobic metal complexes; the weakly inorganic complexes and the free metal ions will be retained by the chelamine chelating resin. In general, there is an important quantity of spiked metal ions that are retained by the C18 columns, except for cadmium and manganese. Firstly, the distribution of trace metals in the set up of the two columns is discussed.
C18 reversed phase (in the set up)
The results of metal spikes fixed on the C18 columns are presented in Fig. 1 . The percentages of recoveries are reported in Table 2 . There is an evident and variable tendency of metals to be retained by this column; all metals except for cadmium and manganese showed a good tendency to be retained. For example, between 45 and 70% of added copper is retained by the C18 column. For this metal the tendency has been documented in many studies, for example, Slowey et al. 39 reported that more than 50% of the total dissolved copper in 531 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 seawater can be extracted into chloroform. Others studies have confirmed that higher copper concentrations were obtained when seawater was treated with a strong oxidizing acid. 40 This means that a good part of the dissolved copper complexed by organic ligands. For iron, the retention is total by the C18 columns. In fact, we do not know if this metal is present only in the complexed organic form and the added iron is totally complexed by organic matter present in seawater. However, it is clear that iron is present in a saline matrix under various forms (organic, inorganic and colloidal); because some colloidal forms have weakly organic bounds, it is possible that the iron complexes are totally retained by the C18 columns. This result is in agreement with other studies on iron in North seawater. For example, Gledhill et al. 41 demonstrated that iron was found to be fully (99.9%) complexed by organic ligands at a pH 6.9 and between 82 -96% at pH 8 in North seawater. In contrast, cadmium and manganese are not retained by this column (<1%); these two metals are well known for their tendency to be in free ionic forms, or complexed by negative ligands, such chloride. For other metals (vanadium, zinc, nickel, and lead), they are complexed in the order Ni < Pb < Zn < V, but the complexation of these metals is not indicative only to their tendency to form complexes with organic matter. This explication was confirmed by the retention of these metals by the chelamine resin when they were passed directly through this resin the same spiked quantity in seawater samples ( Table 4) . As shown in Fig. 1 , trace metal ions in seawater have a good tendency to be associate with chemically inert, possibly organic matters; this prediction is in agreement with explications given by Mackey. 42 He has suggested that there is an incomplete extraction of metals by complexation and solvent extraction; chelating resins, such as Chelex-100 or Chitosan, partially extract naturally occurring metals from seawater. There is thus an increase in the amount of metal that can be determined after acidification. 9 However, the above study demonstrates the complexation of some metals by a C18 column, which can only give an estimation of the metal fraction present as natural organic complexes. However, it gives no specific information concerning the chemical and physical natures of these complexes. Mantoura et al. 43 and Stumm and Morgan 44 have reported the following sequence of stability constants for metal complexation with humic materials: Mg < Ca < Cd, Mn, < Co < 532 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 Ni, Zn < Cu < Hg. This sequence is very similar to the distribution of metals studied in our case; this comparison is described more in the discussion of results in Fig. 2 .
Chelamine chelating resin (in the set up) As described previously, this resin retains metal ions, which exist as free, hydrated ions or metals ions complexed by inorganic ligands having a low stability constant. In fact, it seems that this resin retains metal ions, which are not retained by the C18 columns. The quantities of metals retained by the chelamine resin are presented in Fig. 1 . The percentage recoveries of the added metal concentration are mentioned in Table 3 . For copper, it has been found, when adding separately 0.5, 2.0, 5.0 µg/L to a separated solutions of seawater without any modification of the natural pH value, that about 40%, 50% to 69% was retained respectively, by the C18 columns. Consequently, we found approximately the rest of metals on the chelamine resin (44%, 37% and 39%, respectively); the same results were observed for zinc and nickel. More than 90% of the zinc is fixed by the first columns (C18), and less than 10% is fixed on chelamine. In contrast, nickel is largely fixed on the chelamine resin (>95%). These results indicate that although the added metal ions (Cu, Zn, Ni) were well distributed into organic and inorganic fraction complexes or as free ions, there is a difference between the formed complexes. It seems that complexes of copper and zinc are stronger with organic matter, and the assemblage of the two-column set up was retained quantitatively the added amount. However, for iron and vanadium no complexation was observed by the chelamine resin, because they were already totally retained by the C18 columns. The spiked quantity of cadmium had been passed through the C18 column and completely retained by the chelamine (>97%). For manganese, there is a fixation of ∼86% on chelamine, which completely retains the manganese at pH ∼8. 36 For lead, there is ∼40% of spiked quantities retained by this resin. 
Determination of total dissolved metal ions
In Table 1 , we present the total concentration of metal ions in seawater used for previously speciation studies by two methods: firstly, the complexation of dissolved metal ions by 8-hydroxyquinoline followed by adsorption onto C18 column. Secondly, the sum of the concentration resulted from a C18 column and chelamine (set up). According to the values given in Table 1 , we can see that the comparison of total dissolved metal ions determined by the two described method is statistically acceptable; these results indicate that the C18 and chelamine set up retains all metal ions distributed on the two fractions (organic and inorganic).
Individual chelamine chelating resin
The metals retained by chelamine were determined after passing spiked solutions of coastal seawater; the results are presented in Fig. 2 . The percentage recoveries of spiked metals are reported in Table 4 . For copper there is between 10 -20% of spiked copper not retained by this resin. This percentage indicates the presence of free organic ligands in seawater which strongly complexes the free added copper. However, there is about 80% of spiked copper fixed on chelamine. In fact, this chelamine resin is capable of dissociating the weakly metal complexes, because the slow sample flow rate on this resin increases the residence time in the column. It is thus possible to have an increasing dissociation of metal-complexes. Several workers have observed these results. [45] [46] [47] They reported that the slow dissociation kinetics of some metal complexes has been suggested as a possible cause for increasing the extraction capacity of trace metals by a chelating resin. However, strong metal complexes as organic complexes are not retained; this result is in agreement with many studies on copper speciation in seawater. For example, Mackey et al. 9 have reported that 10 -20% of copper in seawater is present in solution as strong organic complexes. For all other metals there are between 90% and 95% of spiked quantities which are retained by this resin. This result indicates that about 5 to 10% of these metals are present in solution as organic complexes; similar results were reported by Mackey. 48, 49 The latter found that about 5 -10% of zinc, and less than 5% of iron and nickel are present as hydrophobic organic complexes, even though there is good evidence that these metals are almost totally complexed in seawater. 50, 51 As remarked concerning these results, some metals, such as iron and zinc, can be totally fixed by the C18 column, and there is about 50% of lead. However at the same time, they can also be fixed by the chelamine resin if they are percolated only and directly through this resin.
Conclusion
There is great evidence that most trace metals are complexed in seawater by various ligands. This medium contains an excess of free ligands with very different natures; these ligands are present in equilibrium with trace metals in seawater. The nature of these complexes and ligands is until known to be totally unidentified, and our study does not give any information about the real nature of the formed metal complexes. However, we assume that there are strong and weakly metal organic complexes in seawater. The affinity of metal ions to form complexes in seawater is variable; the Irving-William order is a sequence that describes the tendency of metals to form complexes with humic substances in general. 43, 44 As observed from the investigations in this paper, there is 10 -20% of copper strongly complexed by organic matter (fraction not retained by chelamine) and the C18 column retains 40 -70% of copper. We suggest that this percentage contains two models of copper complexes and strong complexes, which are not retained by chelamine and relatively weak complexes, which are dissociated by the chelamine (30 -50%). For other studied metals they are present at less than 10% in the strong organic form, except for cadmium and manganese which are totally present as weakly inorganic complexes in seawater.
These results are in agreement with the Irving-William order. For metals which are totally retained by the C18 columns, like zinc, vanadium and iron, and partially for lead (about 50%), we suggest that these cations are in relation with colloidal matter which have a size less than 0.45 µm; their colloidal complexes may be with a low stability constants. Thus, the same metals are totally retained by the chelamine resin. As a result, the set up of two columns (C18 and chelamine) does not allow to distinguish between the free metal ions and the organic metal complexes in seawater, but it distinguishes between the strong and weak complexes of metals in such a medium. Therefore, we suggest that, the presence of free metal ions in seawater is non-existent, or that they exist at a trace level. Thus, the question to answer is how the organisms in seawater accumulate the free cation M +Z from their medium, and whether they are capable to react as the chelamine resin to dissociate some metal organic and inorganic complexes in a salted medium, such as seawater.
